Purpose. Leptospira interrogans serogroup Icterohaemorrhagiae strains have been described as causing disease in both humans and animals and as being present worldwide. Icterohaemorrhagiae and Copenhageni serovars are known to cause severe disease in their hosts, and zoonotic outbreaks have been described. The genetic similarity among the strains of these serovars is known. However, it has not yet been demonstrated whether major clonal subpopulation in humans, strain Fiocruz L1-130-like, can circulate among other hosts.
INTRODUCTION
Leptospirosis is a zoonosis that can affect both humans and domestic and wild animals. Leptospira spp. can cause anything from asymptomatic infections to chronic infections, severe disease and death [1] depending on the virulence of the strain. Currently, the genus Leptospira is classified into 23 species and over 250 serovars based on molecular and serological characterization, respectively [2, 3] . However, since serological and molecular classification shows poor correlation [4] , classification of these bacteria remains complicated.
Leptospira interrogans serogroup Icterohaemorrhagiae strains have great epidemiological importance in regard to leptospirosis due to their worldwide distribution. L. interrogans strains of this serogroup are described as being very closely related. The two major serovars of this serogroup, Icterohaemorrhagiae and Copenhageni, are difficult to distinguish, even when employing several molecular tools [5, 6] . Concerning the former, the clonal subpopulation of strain Fiocruz L1-130 is considered the major agent of human leptospirosis in Brazil [6] [7] [8] . Detailed molecular characterization of Icterohaemorrhagiae strains is scarce, and the occurrence of the clonal subpopulation of strain Fiocruz L1-130 in non-human hosts is still not completely understood.
Many molecular tools have been used to genotype Leptospira species including variable-number tandem repeat (VNTR) analysis [9] , sequencing of housekeeping genes, such as secY [10] , rpoB [11] , and the multilocus sequence typing approach [10, 12] . These methodologies are currently deemed appropriate to distinguish Leptospira strains in species and/or related groups, possibly serogroups. However, they have poor discriminatory power in differentiating leptospiral serovars. Recently, a new genetic approach based on intergenic sequences analysis, multi-spacer sequence typing (MST), has been proposed for the classification of Leptospira strains. The authors proposing MST also claim it has the potential to distinguish serovars within the serogroup Icterohaemorrhagiae [13] . According to the authors, five distinct genotypes of MST3 locus are described for the Icterohaemorrhagiae and Copenhageni serovars, allowing the differentiation of the strains. Subsequent studies have used this tool to identify the circulation of Leptospira interrogans strains in hedgehogs, mustelids, and urban Norway rats in France [14, 15] . In this context, the present study aims to characterize and compare strains belonging to the serogroup Icterohaemorrhagiae recovered from different hosts in Brazil and to discuss the zoonotic potential of these strains in the region.
METHODS
Selection of strains and DNA extraction Six Brazilian L. interrogans serogroup Icterohaemorrhagiae strains belonging to the Culture Collection of Bacteria of Veterinary Interest (Laboratory of Veterinary Bacteriology, Universidade Federal Fluminense) were selected. The studied strains, their hosts and their isolation reports are: M9/99 and M10/99 (rat [16] ), M64/06 (dog [6] ), UFF-SG001 (dog [17] ) and UFF-G19 and UFF-B15 (dog, this study). All strains were previously classified by micro-agglutination test (MAT). Strains were defrosted and cultured in Ellinghausen-McCullough-ohnson-Harris (EMJH) medium (1Â10 8 growth). Genomic DNA was extracted using the Wizard SV Genomic DNA Purification System (Promega) according to the manufacturer's instructions. The reference strain Fiocruz L1-130 was provided by Professor Odir Dellagostin from UFPel, Brazil.
Molecular identification of Leptospira species and secY analysis
The PCRs were performed with Platinum Taq DNA Polymerase High Fidelity (Invitrogen). The Leptospira species was determined by the rrs gene with the following primers: fD1 5¢-AGA GTT TGA TCC TGG CTC AG-3¢ and rP2 5¢-ACG GCT ACC TTG TTA CGA CTT-3¢ [18] . Amplification parameters,included an initial denaturation at 95 C for 5 min followed by 35 cycles of amplification comprising denaturation (95 C for 1 min), annealing (42 C for 30 s) and extension (72 C for 2 min), and a final extension of 7 min at 72 C. PCR amplification was performed using 1.5 mM MgCl 2 , 200 µM of dNTP and 30 ng template DNA.
Additionally, the protein translocase subunit sequencing (secY) gene was used for genotyping with primers secYF 5¢-ATG CCG ATC ATT TTT GCT TC-3¢ and secYR 5¢-CCG TCC CTT AAT TTT AGA CTT CTT C-3¢ [10] . Amplification parameters included an initial denaturation at 95 C for 2 min followed by 35 cycles of amplification comprising denaturation (95 C for 30 s), annealing (50 C for 1 min) and extension (72 C for 2 min), and a final extension of 7 min at 72 C. PCR amplification was performed using 2.0 mM MgCl 2 , 200 µM of dNTP and 30 ng template DNA.
PCR products were purified using Wizard SV Gel and the PCR Clean-Up System (Promega) according to the manufacturer's instructions. Sequencing was performed in both directions with the specific primers (described above), and internal primers were added for the rrs gene, specifically, F1 5¢-GGC GGY GCT CTT WAW CAT-3¢ and R2 5¢-ATC CCG TTC ACT ACC CAC GC-3¢ [19] . Sequencing reaction was performed using an ABI BigDye Terminator kit (Applied Biosystems) on an Applied Biosystems ABI 3500 XL automated sequencer.
Variable-number tandem-repeat (VNTR) analysis
The VNTR-PCR was performed using a Taq DNA Polymerase kit (Illustra, GE Healthcare). Three loci were used to genotype L. interrogans: VNTR4 (4a 5¢-CAA AAT CAG TCA CTA CCC TG-3¢ and 4b 5¢-CTT TGT TGG AGC GCA ATC TC-3¢), VNTR7 (7a 5¢-TCA TCT GCT CCG GAG ATT CG-3¢ and 7b 5¢-TCC CTC CAC AGG TTG TCT TG-3¢), and VNTR10 (10a 5¢-TCC AAA ATT CAG CCC TCA AG-3¢ and 10b 5¢-GAC GCT TGG CAT TTG TAT CC-3¢) [9] . Amplification parameters included an initial denaturation at 95 C for 5 min followed by 35 cycles of amplification comprising of denaturation (95 C for 30 s), annealing (55 C for 30 s) and extension (72 C for 1 min), and a final extension of 7 min at 72 C. PCR amplification was performed using 1.5 mM MgCl 2 , 200 µM of dNTP and 30 ng template DNA. Allelic sizes were estimated into repeat copy number manually [20] . The strain L. interrogans serogroup Icterohaemorrhagiae Fiocruz L1-130 was used as the positive control and for confirmation of the VNTR patterns.
Multilocus sequence typing (MLST) analysis
Genotyping by MLST analysis was conducted using the Leptospira MLST scheme#1 (https://pubmlst.org/leptospira/) using seven loci: glmU, pntA, sucA, tpiA, mreA, pfkB and caiB [12] . Amplification parameters included an initial denaturation at 95 C for 2 min followed by 30 cycles of amplification comprising denaturation (95 C for 30 s), annealing (46 C for 30 s) and extension (72 C for 30 s), and a final extension of 7 min at 72 C. PCR amplification was performed using 1.5-3.5 mM MgCl 2 , 200 µM of dNTP and 30 ng template DNA. Sequence types (STs) were defined with reference to the seven MLST loci databases from the Leptospira MLST website (https://pubmlst.org/leptospira/). The PCR products were purified and sequenced as described above on an Applied Biosystems ABI 3730 automated sequencer in PDTIS/Fiocruz Genomic Platform RPT01A.
Multi-spacer sequence typing (MST) analysis MST analysis was performed in an attempt to differentiate the serovars Icterohaemorrhagiae and Copenhageni. The protocol described in [13] was used. The primers for the three MST loci were: MST1F 5¢-ACG GGA GAA TCT GTC AAA GG-3¢ and MST1R 5¢-AAA TTC ACT GAT TAC CTC CAC CA-3¢, MST3F 5¢-ACG ATC GTG CCA ATG  TTT TT-3¢ and MST3R 5¢-AAA ATT CAA ACC GGC  AAA TG-3¢, and MST9F 5¢-TTT GAA AAA CGA CTG  AGG TCA A-3¢ and MST9R 5¢-TCG ATA TCG GCA CAA AAT CA-3¢. Amplification parameters included an initial denaturation at 95 C for 5 min followed by 40 cycles of amplification comprising denaturation (95 C for 30 s), annealing (50 C for 30 s) and extension (72 C for 1 min), and a final extension of 10 min at 72 C. PCR amplification was performed using 3.0 mM MgCl 2 (modification: 2.5 mM of MgCl 2 to the MST9 locus), 200 µM of dNTP and 30 ng template DNA. PCR products were purified and sequenced as described above on an Applied Biosystems ABI 3730 automated sequencer in PDTIS/Fiocruz Genomic Platform RPT01A. For the analyses of MST markers, orthologous sequences were used to construct an MSTdatabase using the BLASTn tool against the NucleotideCollection (nr/nt) and RefSeqGenome (refseq_genomes) databases of GenBank (NCBI https://www.ncbi.nlm.nih.gov/). The sequences obtained were compared to the MSTdatabase. The presence of polymorphisms was evaluated by direct visual examination, as described in [13] , and by in silico analyses in MEGA v.7.0.20 [21] .
Sequences and phylogenetic analysis
Editing and sequence analysis were carried out in Bio Edit v.7.0.4 [22] and Molecular Evolutionary Genetics Analysis (MEGA) v.7.0.20 [21] . The Basic Local Alignment Search Tool (BLAST -NCBI https://www.ncbi.nlm.nih.gov/) was used to verify similarity with Leptospira spp. sequences. Maximum likelihood (ML) genetic trees of the partial secY gene and MST3 locus were constructed in MEGA v.7.0.20 [21] using the Kimura-2 parameters (K2P) model (bootstrap 1000 replicates).
The sequences obtained were deposited in GenBank under the accession numbers MG932792-MG932857. The strain L. interrogans serogroup Icterohaemorrhagiae Fiocruz L1-130 was used as reference strain in all reactions. (For further details of reference strains, reference sequences and GenBank accession numbers see Table S1 , available in the online version of this article.) The reference sequences included strains isolated from four continents (America, Asia, Europe and Oceania) and from different hosts, specifically, human, wild animal (bat, Brazilian guinea pig, raccoon, capybara, opossum and hedgehog) and domestic/ synanthropic animals (bovine, pig, dog and rat). In addition, the serogroups of the reference strains were: Australis, Autumnalis, Ballum, Bataviae, Canicola, Grippotyphosa, Hebdomadis, Panama, Pomona, Sejroe, Shermani and, primarily, Icterohaemorrhagiae.
RESULTS AND DISCUSSION
VNTR analysis showed that all the strains studied present the same pattern (VNTR4=2, VNTR7=1 and VNTR10=7). This pattern is characterized as genotype I3/I6 and is common to the serovars Icterohaemorrhagiae and Copenhageni. When secY sequencing was applied, it was verified that all sequences were identical among themselves and also to the reference strain L. interrogans Fiocruz L1-130 (100 % similarity, GenBank accession number AE016823), and all strains clustered in the same monophyletic clade at ML tree (Fig. 1) . Similarly, MLST showed that all strains studied belong to the ST17 (glmU allele 1; pntA allele 1; sucA allele 2; tpiA allele 2; mreA allele 4; pfkB allele 10; and caiB allele 8). The most important outcome of the present study was that all the strains studied, independent of their original host, were identical to the subclonal population L. interrogans serogroup Icterohaemorrhagiae, strain Fiocruz L1-130. This was demonstrated by various molecular techniques, such as VNTR, sequencing of the secY gene and MLST.
In contrast, MST was able to differentiate between two different genotypes: one comprising the strains M10/99, UFF-SG001 and UFF-G19, identical to the reference strains RGA and Fiocruz L1-130 (MST1=4, MST3=8 and MST9=3); and the other comprising strains M9/99, M64/ 06 and UFF-B15, identical to the reference strain CHU Reunion (MST1=4, MST3=10 and MST9=3). The sequences differed by a single nucleotide polymorphism (SNP) in the poly(T) region, presenting 20T and 19T, respectively (see Table S2 ). The genotypes described are classified as belonging to the serovars Icterohaemorrhagiae/Copenhageni and Icterohaemorrhagiae, respectively. However, when the ML tree based on the MST3 results was constructed, it was observed that all the strains studied grouped in a monophyletic clade (Fig. 2) . The MST technique, considered more accurate in differentiating serovars among Icterohaemorrhagiae strains [13] , was able to distinguish between two genotypes, which were very closely related. We have to consider that the difference between these strains was only one polymorphism in a poly(T) region and that the poly(N) regions are more susceptible to mis-incorporation during nucleotide sequencing. From an epidemiological point of view, despite the polymorphism, all the strains can be considered identical to the major strain of human infection, Fiocruz L1-130.
Serovar determination in Leptospira is performed by serological methods, in which lipopolysaccharide (LPS) antigens are used for the cross-agglutination absorption (CAAT) assay [23] . Several studies have attempted to correlate serovar and genetic classification [9, 13, 24, 25] . However, for correlation to succeed, we must search for appropriate molecular targets. It has been reported that the LPS biosynthetic pathway (rfb) loci is responsible for serovar determination in Leptospira, and changes in serovar genes are associated with their diversity [26, 27] . In addition, it is known that one serovar may belong to more than one species; so, precise taxonomic classification is not necessarily possible. Therefore, it has been suggested that O-antigen locus (rfb biosynthetic loci) be used rather than serological tests as the future basis of serovar identification [28] .
Concerning Icterohaemorrhagiae strains, only the VNTR genotype I3/I6 has been described in Latin America, including Brazil [6, 9, 17, 29-32], Argentina [33] [34] [35] [36] and Caribe [37] . In fact, this genotype is apparently the most prevalent in many countries worldwide, including European nations such as Denmark, Holland, Belgium and France [9, 15, 38] ; Asian nations including Japan [32, 39] ; and Russia [20] . Similarly, secY analysis showed that Icterohaemorrhagiae strains in different parts of the world to be identical [10, 40, 41] .
The same results were observed when the MLST approach was applied. This approach can be used to verify the genetic relatedness of the Leptospirae, which is reflected in their population genetic structure [10, 28] . Using this approach, in Brazil all Icterohaemorrhagiae strains have been described as belonging to the same clonal complex [12, 42] . In many parts of the world, other molecular tools have been Table S1 . Table S1 .
used to classify Icterohaemorrhagiae strains. In Brazil, PFGE [5, 6] and AP-PCR [7] demonstrated the highly similar genetic profile of these strains. Given these findings, it is clear that L. interrogans serogroup Icterohaemorrhagiae strains are very similar worldwide. In Brazil, it has been proposed that the circulation of a clonal subpopulation [7] is the major agent of human leptospirosis, which was named strain Fiocruz L1-130.
Sero-epidemiology and historical casuistic studies have shown that serogroup Icterohaemorrhagiae is one of the most prevalent serogroups in domestic animals, including pets and livestock [43] [44] [45] , and wild animals [46] . The zoonotic cycle of these strains, including in human beings, rats and dogs, has been reported in many countries [4, 17, [47] [48] [49] . However, it has been proposed that synanthropic rodents may not be the only reservoirs of these strains [50] . A wide range of mammalian hosts can act as reservoirs of L. interrogans serogroup Icterohaemorrhagiae strains, including capybaras [31, 42] , Brazilian guinea pigs [42] , arboreal squirrels [34] and capuchin monkeys [51] .
Recently, the concept of zoonotic disease was expanded to include the broader approach of One Health, which includes the interactions between humans, animals and the environment in the epidemiology of a disease. It has been determined that six out of every ten infectious diseases in humans are spread from animals [52] . Leptospirosis fits this approach perfectly because human infection almost invariably results either from either direct animal exposure or exposure to environments contaminated by infected animals [53] .
In this study we have demonstrated by various molecular methods that isolates from rats and dogs in Brazil are identical to the major clonal subpopulation of human infection of the strain Fiocruz L1-130. This finding highlights the need to treat leptospirosis caused by L. interrogans serogroup Icterohaemorrhagiae as a zoonosis that acts at the human-animal-environment interface, as per the One Health approach. 
